The modified deazaguanosine derivative queuosine (Q) is found in the first position of the anticodon in the Q-family of tRNAs of eubacteria and eukaryotes. The Q-base, queuine, is inserted into tRNA in exchange for guanine. Myxamoebae of Dictyostelium discoideum cannot synthesize queuine de novo, but obtain it from bacteria, their natural food supply. When grown on bacteria, D. discoideum is almost fully modified with respect to Q, whereas the corresponding tRNAs from axenic strains, due to queuine limitation in axenic media, contain submolar amounts of Q. Queuine does not affect growth rate, but accelerates development and stimulates spore germination. To establish whether changes might be caused early in the developmental cycle by an insufficient supply of queuine, vegetative amoebae of the strain AX-2 were induced by starvation to develop in suspension culture. Q deficiency in tRNA was rectified by the addition of queuine to the starvation buffer at a concentration of lo-' M. During the first 12 h, when the cells acquired aggregation competence, restoration of queuine caused (i) an increase in binding of CAMP to its surface receptors, especially to the low-affinity binding site, and (ii) characteristic changes in the time course of the synthesis of distinct proteins in response to queuine as judged from the pattern of labelled proteins separated by two-dimensional gel electrophoresis.
INTRODUCTION
The modified nucleoside queuosine (Q) and glycosylated derivatives of it occur at position 34 of the anticodon of tRNATyr, tRNAHIs, tRNAAsn and tRNAAsp of all examined eubacteria and eukaryotes except yeast. In eukaryotes queuine [7-( ( (4,5-cis-dihydroxy-2-cyclopenten-1 -yl)-amino)-methyl)-7-deazaguanine] is inserted into the corresponding tRNAs in exchange for the guanine residue 34 by the enzyme tRNA-guanine transglycosylase (EC 2.4.2. -) (Howes & Farkas, 1978) . Eubacterial tRNAs are almost completely modified with respect to Q whereas the Q content of tRNAs of eukaryotes is variable (Katze, 1975; Okada et al., 1978; Singhal et al., 1981) . The extent of Q modification in tRNA changes during the development of Drosophila (White & Tener, 1973; Hosbach & Kubli, 1979) and during erythroid differentiation of leukaemia cells (Lin et al., 1980; Shindo-Okada et al., 1981) . tRNAs with G in place of Q accumulate in foetal and regenerating rat liver and in a variety of animal tumours (Okada et al., 1978; Kersten, 1982) . Germ-free mice, fed on a defined diet, do not synthesize queuine de novo, indicating that the modification is derived from nutrition or from the intestinal flora (Farkas, 1980 ; Reyniers et a!., 1981) .
We have shown that in Dictyostelium discoideum the extent of Q modification in the Q family of tRNAs changes during development and depends on the environmental conditions (Kersten, 1982; Dingermann et al., 1981 ;  Ott et al., 1982) . Non-axenic strains of the slime mould are supplied with queuine by bacteria, but axenic strains need exogenous queuine for the tRNA modification. When the axenic strain AX-2 is grown in conventional axenic medium, 60-70% of the Q family of tRNAs lack Q. Upon addition of queuine to the medium at a concentration of lo-' M, the Q content in these tRNAs is almost totally restored. As judged by morphological changes the addition of queuine accelerates the developmental cycle (Ott et al., 1982; Schachner et al., 1982) . To investigate whether early developmental changes occur in the pattern of protein synthesis, possibly in response to queuine, vegetative cells of strain AX-2 were induced to undergo developmental transition by nutrient starvation in the absence or presence of added queuine.
During the early developmental preaggregation stage in D . discoideum, cAMP receptors accumulate and cAMP regulates a variety of cellular responses (see Gerisch, 1982) . Furthermore, a number of changes in the pattern of protein synthesis can be observed (Alton & Lodish, 1977a, 6) . In this report we show that supplying axenically grown amoebae with sufficient queuine increases the degree of binding of cAMP to its surface receptors between 6 and 12 h after the onset of development. Furthermore the pattern of protein synthesis during the preaggregation stage shows characteristic changes in response to queuine. Preparation of organisms. Dictyostelium discoideum, strain AX-2, was grown axenically according to Watts & Ashworth (1970) . Exponentially growing cells were harvested at concentrations of 3.5 x lo6 cells ml-' by centrifugation at 850 g for 5 min at 4 "C. The cells were washed twice with 17 mM-phosphate buffer (pH 6.7) and resuspended in the same buffer at a final concentration of 1 x lo7 cells ml-I for preaggregation in shaking suspension.
METHODS

Radiochemicals. ~-[~~S
M in 17 mM-phosphate buffer, sterilized by filtration (Schleicher & Schull, 3354 Dassel, FRG, 0.2 pm pore size) and stored at -20 "C. The concentration of Q-base was determined by UV absorption at 260nm after filtration (c16,, 7.5 x lo3 1 mol-I cm-I).
cAMP binding assay. The binding of [3H]cAMP to cAMP receptors was measured during preaggregation according to Green & Newel1 (1975) , slightly modified according to G. Gerisch (personal communication) . At the indicated time intervals, starved cells were centrifuged and resuspended at a density of 4 x lo7 cells ml-in cold buffer containing 10 mM-potassium phosphate pH 7.5, 50 mM-KCl, 5 mM-MgCl,, 1 mM-EGTA and 3 mM-DTT. A 1.6 ml sample of cell suspension was diluted in 0.8 ml buffer and incubated with 21 ~M-[~H]cAMP (0.8 pCi) for 45 s at 4 "C. Aliquots (1 ml) were collected on Millipore filters (Type HA, diameter 24 mm, pore size 0.45 pm) and counted. Samples were corrected for non-specific cell-associated radioactivity, which was determined by performing the binding assay in the presence of Labelling conditions. Cells at a density of 1 x lo7 ml-I were labelled during preaggregation in shaking suspension, in the absence or presence of added queuine. Samples of 5 x lo6 cells in 500 pl were labelled with 55 pCi ~-[~~S]methionine for 12 h (four 3 h periods). The cells were washed once with 17 mM-phosphate buffer, resuspended in 100 pl lysis buffer [9-5 M-urea, 2% (v/v) Nonidet P-40, 5% (v/v) /I-mercaptoethanol, and 2% ampholine pH 5-7 and ampholine pH 3.5-10 in a ratio of 3 :2] and stored at -70 "C.
Gel electrophoresis. Analysis of the labelled proteins was carried out by two-dimensional gel electrophoresis as described by O'Farrell(1975) . The first dimension was isoelectric focusing with an ampholine combination of pH range 3-5-10 and 5-7, in a ratio of 2 : 3. This ampholine combination provides a pH gradient that is linear between approximately pH 4.8 and 7.8 (Dowbenko & Ennis, 1980) . The electrode solutions were 0.01 hi-phosphoric acid (anode) and 0.02 M-NaOH (cathode). The proteins were focused for 15 h at 400 V, followed by 1 h at 1000 V. The second dimension was performed in 11.5% (w/v) polyacrylamide gels and was carried out for 5 min at 200 V, constant voltage, then at constant current with 20 mA per gel, until the bromphenol blue dye marker had migrated off the end of the gel. After the electrophoresis step, gels were prepared for fluorography as described by Bonner & Laskey (1974) . The gels were dried on to Aquarell paper (Selecta; Schleicher & Schull) under vacuum and heat. Fluorograms were exposed to Kodak X-omat film for 7 d.
Handling of Q-base. Q-base was dissolved as stock solution at a concentration of M-non-radioactive CAMP. The cAMP concentration was 3.3 x 10-l 9 mol ['HICAMP per cell or 6.6 x 10-mol per ml assay (see Methods and legend of Fig. 1) . Italicized values correspond to maxima on the binding curves (Fig. 1) . * Binding to cells that had developed in the absence ( -) or presence (+) of added queuine is shown.
RESULTS
Dictyostefium discoideum
cells aggregate into mounds each containing about lo5 cells. The mounds form slugs, which subsequently differentiate into mature fruiting bodies, containing spores at the top of a vacuolized stalk (see Loomis, 1975) . Early developmental changes can be observed when the cells are starved in shaking suspension (Gerisch, 1968) . During this preaggregation stage, the cells become responsive to pulses of cAMP and form CAMP-binding sites on the cell surface (see Gerisch, 1982) . The formation of cAMP receptors and changes in the pattern of protein synthesis during preaggregation were therefore studied to determine whether queuine influences early developmental processes.
Effect of queuine on CAMP binding during development
Vegetative cells of D. discoideum strain AX-2 were grown in the conventional axenic medium containing yeast extract and peptone. Under these conditions 68% of the Q family of tRNAs lack queuine (Ott et al., 1982) . Development was induced by starvation in phosphate buffer or in phosphate buffer supplemented with lo-' M-queuine.
In the absence of queuine the binding of cAMP to surface receptors increased continuously, starting about 6 h after the onset of development, and reached a maximum at 12 h (Fig. 1, Table  1 ). In the presence of added queuine enhanced binding of CAMP was observed, starting at about to as number 1 corresponds to actin in its molecular weight and electrophoretic mobility. Characteristic groups of proteins that were labelled differently in cells sufficiently or insufficiently supplied with queuine are indicated by circles. The arrows point to reference proteins. The areas around spots 1,2 and 3 are shown at higher magnification in Figs 3, 4 and 5, respectively. 6 h; the binding curve showed two well-separated maxima (Fig. 1) that probably represent the two CAMP-binding sites discussed by Green & Newel1 (1975) . From the amount of cAMP bound per cell, we calculated the number of binding sites occupied by cAMP at the concentration used in the experiment, assuming that only one molecule is bound by one specific receptor site (Table 1) . Under queuine deficiency about 9 x lo3 low-affinity sites and 18 x lo3 high-affinity sites were occupied by cAMP per cell; with development in the presence of queuine the number of the low-affinity sites occupied by cAMP increased to 22 x lo3 per cell and the number of the high-affinity binding sites to 25 x lo3 per cell.
Effect of queuine on the pattern of protein synthesis
Cells in suspension culture were starved in the absence or presence of queuine and labelled with ~-[~~S]methionine for 12 h (four 3 h periods). The labelled proteins were analysed by the two-dimensional gel technique of O'Farrell(l975). The overall patterns of proteins synthesized during the first 3 h after the onset of development are shown in Fig. 2(a, c) . These patterns were almost identical in cells that were starved in the absence and those that were starved in the presence of added queuine. A few exceptions are circled in Fig. 2 . One of the predominant proteins synthesized in the early stage of differentiation is actin (Tuchman et al., 1974) . Actin is always present in the 42000 molecular weight region as a characteristic elongated spot: it separates into more than one form (see Discussion). This characteristic region is identified by the number 1 in Fig. 2 , and is referred to in the following sections as 'actin'. In addition to 'actin' two other proteins (spots 2 and 3 ) with molecular weights of about 200000 and 26000 respectively were labelled strongly during the first 3 h of development. When development proceeded further these three proteins showed characteristic variations in labelling in response to queuine (Fig. 2b ,& relative to other proteins. Some other changes in the pattern of protein synthesis are indicated which can probably be traced back to the stimulatory effect of queuine on the overall time course of development.
Only 'actin' and the proteins of spots 2 and 3 have been selected for further discussion, because they were heavily labelled and a decrease in their net synthesis, relative to other characteristic proteins, was clearly visible on two-dimensional gels (Figs 3-5) . Quantification of particular spots after fluorography was not attempted.
Alton & Lodish (1977~) observed that actin is synthesized predominantly during the first few hours of development. In our experiments the synthesis of 'actin' relative to reference proteins apparently started to decrease after 3 h in cells supplied with queuine ( Fig. 3d-f) but not in queuine-deficient cells (Fig. 3 a-c) . A reference protein (arrowed) showed relatively enhanced labelling between 3 and 12 h in untreated cells and constant labelling in queuine-treated cells.
The synthesis of the protein represented in spot 2 apparently also decreased when development proceeded in response to added queuine (compare Fig. 4a-c and d-f) . The reference proteins (arrowed) were synthesized at an almost constant rate between 0 and 12 h. Another prominent protein (spot 3 ) was also synthesized predominantly during the first 3 h of development. Thereafter its synthesis apparently decreased (compare Fig. 5a, b and c) 
DISCUSSION
The results presented here show that the addition of queuine to developing cells of Dictyostelium discoideum that were insufficiently supplied with queuine during growth causes significant changes in the synthesis of the cAMP surface receptors and of early regulated proteins.
During early development of D. discoideum extracellular cAMP regulates a variety of cellular responses, e.g. chemotaxis, aggregation competence, synthesis and secretion of an extracellular cAMP phosphodiesterase and its inhibitor, and signal relay (see Gerisch, 1982) . These different cellular responses to the external signal are suggested to occur at the cell surface via plasma membrane cAMP receptors that start to accumulate on the cell surface about 5 h after the depletion of nutrients. Scatchard plots of equilibrium cAMP binding to the cell surface have been interpreted as evidence of high-and low-affinity sites (Green & Newell, 1975) , or as a result of a single class of CAMP-binding sites exhibiting positive or negative cooperativity (Coukell, 1981 ; Mullens & Newell, 1978) . It has been shown that the two sites accumulate consecutively and that the peak of binding activity at low cAMP concentration (high-affinity site) occurs about 2 h later than the peak of binding activity at high concentration (Green & Newell, 1975) . From the [3H]cAMP binding curve (Fig. 1) it is assumed that queuine in its free form or inserted into tRNA exerts its stimulatory effect on both sites. Apparently the addition of queuine favours the appearance of the low-affinity binding site. The low-affinity binding site is probably coupled to the movement response and the high-affinity binding site to the signal relay response (Green & Newell, 1975) . We assume that the stimulatory effect of queuine on the developmental cycle in D. discoideum is at least in part related to its effect on the cAMP receptors.
The effect of queuine on early developmental processes is also indicated by changes in the patterns of protein synthesis. The three prominent proteins observed on two-dimensional gels that have been selected for discussion are suggested to be early regulated proteins, as for example actin. Seventeen actin genes have been found in Dictyostelium, giving rise to two size classes of mRNAs (Kindle & Firtel, 1978) . Actin, labelled in vivo or synthesized in vitro from isolated RNA, can be resolved into four separate forms on the isoelectric-focusing dimension of twodimensional gels (Garrels & Gibson, 1976; Kindle & Firtel, 1978) . Rubenstein & Deuchler (1979) showed that two-dimensional gels resolved two major forms of actin, one of which appears to be an unacetylated form of the other. We found two major spots that changed in response to queuine (minor species might also be present) in the actin region of the twodimensional gels. The 200000 molecular weight protein (spot 2 in Fig. 2 ) corresponds in molecular weight and electrophoretic mobility to the myosin heavy chain described by Clarke & Spudich (1974) . The synthesis of this protein apparently changes also in response to queuine. Rahmsdorf et al. (1 978) found that extracts from D. discoideum that had been exposed to external pulses of cAMP showed an enhanced phosphorylation of the myosin heavy chain. The disappearance of spot 2 and the appearance of minor spots with the same molecular weight but multiple isoelectric points (see Fig. 4 ) might be related to the dephosphorylation of the myosin heavy chain. On the basis of molecular weight and electrophoretic mobility, the third protein, which responded to queuine in a similar way to actin, might be identical with one of the early regulated carbohydrate-binding proteins (Siu et al., 1976; Ma & Firtel, 1978) .
Strains of D. discoideum grown on bacteria are metabolically distinct from axenic strains cultivated in axenic media (Loomis, 1975) . At least some of these metabolic differences may be caused by the insufficient supply of axenic strains with queuine. The restoration of queuine increases the Q content of the corresponding tRNAs (Ott et al., 1982) . Experimental evidence has been presented suggesting that alterations of the Q content in tRNA are involved in control mechanisms at the translational level (see Kersten, 1982) .
Restoration of queuine to axenically grown cells stimulates development as indicated by morphological changes (Schachner et al., 1982) . The alterations of J3H]cAMP binding to its surface receptors and of the synthesis of early developmentally regulated proteins may be caused by transiently free intracellular queuine or by Q-containing tRNAs. The molecular mechanism by which Q exerts its effect on cell metabolism is currently being investigated. 
